We report observations of the hydrogen-and helium-deficient supernova (SN) 2019bkc/ATLAS19dqr. With B-and r-band decline between peak and 10 days post peak of ∆m 10 (B) = 4.9 ± 0.1 mag and ∆m 10 (r) = 4.1 ± 0.1 mag, respectively, SN 2019bkc is the most rapidly-declining Type I SN discovered so far. The light curves and spectra of SN 2019bkc show some unprecedented characteristics compared to known SNe, while its closest matches are the rapidly-declining SN 2005ek and SN 2010X. SN 2019bkc appears "hostless", with no identifiable host galaxy near its location, although it may be associated with the galaxy cluster MKW1 at z = 0.02. SN 2019bkc poses a challenge for existing models of fast-evolving SNe.
INTRODUCTION
Modern wide-field time-domain surveys have significantly expanded the discovery space of the transient Universe, and in particular, surveys with higher cadences are finding an increasing number of rapid tran-SN 2010X), making them nominally Type Ib or Type Ic, respectively. In a few cases, fast-evolving transients show clear evidence of interaction with He-rich circumstellar material (e.g., Pastorello et al. 2015) . Most of the known fast-evolving transients have been identified in large imaging surveys and lack spectroscopic followup (e.g., Drout et al. 2014; Rest et al. 2018) . The theoretical interpretation of these fast-evolving SNe I is inconclusive, and include scenarios ranging from He-shell detonations on the surface of sub-Chandrasekhar mass white dwarf (WD) stars (the so-called SNe ".Ia"; Bildsten et al. 2007; Shen et al. 2010) or possibly WDs that are disrupted in an accretion-induced collapse (AIC; see, e.g., Dessart et al. 2006; Tauris et al. 2013b) ; an ultrastripped massive star explosion (see, e.g., Tauris et al. 2013a) , core-collapse (cc) SNe with fallback (see, e.g., Moriya et al. 2010) , or He-stars with an extended envelope (Kleiser & Kasen 2014) , or being powered by magneta (Yu et al. 2015) .
Here we report observations of the rapidly-evolving Type I SN 2019bkc. SN 2019bkc exploded in an isolated environment and exhibited the most rapid postpeak photometric decline yet observed.
DISCOVERY ATLAS19dqr/SN 2019bkc (RA= 10
h 00 m 22. s 544, Dec= −03
• 01 12. 64) was discovered by the Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry et al. 2018 ) on 2019 March 02.43 UT in the ALTAS "orange" filter at an apparent magnitude of m o = 17.96 ± 0.06 mag (Tonry et al. 2019) . Following the practice of the ATLAS project we refer to the source as SN 2019bkc.
As can be seen in Fig. 1 , SN 2019bkc is "hostless", as no source is detected at its location down to g ≈ 24.3 mag (5 σ upper limit) in deep archived Dark Energy Camera Legacy Survey (DECaLS; Dey et al. 2019) DR7 images. It is located 217 from the cD galaxy NGC 3090 of the poor cluster MKW1 (Morgan et al. 1975 ). The averaged radial velocity of MKW1 members within an 0.5h −1 Mpc radius of NGC 3090 is 6252±95 km s −1 (Koranyi & Geller 2002), and we adopt z = 0.0209 ± 0.0003 as the redshift of SN 2019bkc. Correcting for the infall velocity of the Local Group toward the Virgo Cluster yields a luminosity distance of d L = 86.5 ± 4.3 Mpc assuming a ΛCDM cosmology (H 0 = 73 kms −1 Mpc −1 , Ω m = 0.27 and Ω Λ = 0.73) and σ cz = 300 km s −1 to account for peculiar velocities.
FOLLOW-UP OBSERVATIONS
We followed up 2019bkc as a candidate of a complete, magnitude-limited sample of ccSNe. We took the first epoch of imaging on 2019 March 03.53 UT using 1-m Las Cumbres Observatory Global Telescope Network (LCOGT) telescope and the first spectrum using the 4.1-m Southern Astrophysical Research (SOAR) on 2019 March 05.27 UT. The peculiar SOAR spectrum and the rapid post-peak decline of the SN motivated us to carry out an extensive follow-up campaign of the SN. On 2019 March 06.44 UT, Prentice et al. (2019) reported a spectrum taken on 2019 March 04.92 UT and remarked that SN 2019bkc was an "unknown transient at an unknown redshift". The extended Public ESO Spectroscopic Survey for Transient Objects (ePESSTO; Smartt et al. 2015) classified it as a likely SN Ic at z ∼ 0.04 based a spectrum taken on 2019 March 06 UT (Carracedo et al. 2019) .
We obtained optical/near-infrared (NIR) imaging with the 1-m LCOGT, the 1.3-m Small & Moderate Aperture Research Telescope System (SMARTS), the 3.8-m United Kingdom Infrared Telescope (UKIRT), the 2.56-m Nordic Optical Telescope (NOT), 2-m Liverpool Telescope (LT), and the 6.5-m Magellan telescopes. We detected SN from −1.4 d to +40.2 d relative to the epoch of B-band peak (see below). We obtained four visual-wavelength spectra on +0.4 d (SOAR), +7.1 d (The Southern African Large Telescope, SALT), +7.1 d (NOT), and +10.1 d (NOT), and all but the last one showed SN spectral features. Descriptions of the data acquisition and reduction are provided in Appendices A and B.
Light-curve evolution
We fit 3rd-order polynomials to the optical light curves (hereafter LCs) at < +4 d to measure the time and magnitude of the peak (see the best fits in Table 1 ). The B-band peak time (JD 2458547.4 ± 0.5; 2019 Mar 04.90 UT) is used as the reference epoch for the SN phase.
There was an ALTAS upper limit on −6.4 d at m o > 19.33 mag preceding the −2.5 d detection (Tonry et al. 2019) . Using Lasair (Smith et al. 2019) , there was a detection on −5.6 d at m g = 18.69 ± 0.11 mag and a previous upper limit on −8.6 d of m g > 19.24 mag from the Zwicky Transient Facility (ZTF; Bellm et al. 2019) .
The g-band LC of SN 2019bkc ( We place an upper limit on the equivalent width (EW) of Na ID absorption at z = 0.021 of < 0.4Å, which corresponds to E(B − V ) host < 0.07 mag (Phillips et al. 2013 ). Thus we assume no host reddening. Taking into account the Galactic extinctions of E(B − V ) Gal = 0.06 mag (Schlafly & Finkbeiner 2011) and R V = 3.1, we compute the absolute peak magnitudes given in Table 1 . At M peak r = −17.3 ± 0.1 mag, SN 2019bkc is comparable to an average SN Ib/c (see, e.g. Taddia et al. 2018 ) and also the rapidly-declining SN 2005ek (Drout et al. 2013 ) and SN 2010X (Kasliwal et al. 2010 ; as shown in the right panel of Fig. 2 and discussion.
We constructed a pseudo-bolometric LC by performing black-body (BB) fitting (see Appendix A). At peak, SN 2019bkc reached T BB ≈ 8, 500 K and L BB ≈ 3 × 10 42 ergs/s.
Visual-wavelength Spectroscopy
Our spectra (Fig. 3 ) reveal a rapid evolution over one week. At peak the spectrum consists of a blue continuum with a number of broad absorption features. A week later the continuum is much redder, consistent with T BB dropping from ∼ 8, 500 K to ∼ 4, 000 K, and shows substantial changes.
The spectral features of SN 2019bkc and their evolution do not have a good one-to-one match with any existing SN, but there are similarities in multiple features with the rapidly-declining Type I SN 2010X and SN 2005ek, as well as with some Type Ic SNe, such as SN 2007gr (Valenti et al. 2008) aside from some velocity shifts (see Fig. 3 and § 4.1). We use these similarities to aid line identifications. Given the spectral peculiarities, we do not regard all these identifications as definitive, and the lines which are securely identified in 2007gr are marked in Fig. 3 as guidance.
In the first spectrum of SN 2019bkc, we identify a handful of prominent absorption features to measure their Doppler velocities at maximum absorption (v abs ). None of them shows a P-Cygni profile. They are attributed to Fe II λ5169, Si II λ6355, and C II λ6580, and their v abs values are −9, 461±182 km s −1 , −12, 896±253 km s −1 and −10, 239 ± 209 km s −1 , respectively. There is also a feature between 4200-4800Å, likely produced by a blend of ions including Fe, Ti and Mg.
A week past peak, the C II feature disappears, while the Fe II and possible Si II lines remain visible and show P-Cygni signatures. Furthermore, a feature at 5800Å emerges, along with a broad emission feature at 8500Å. The bluer feature is likely Na I λλ5890,5896, while the latter feature is the Ca II NIR triplet.
The Fe II absorption velocity decreases to v abs ≈ −2, 545 ± 275 km s −1 , with the caveat that the velocity measurement may be affected by significantly blended spectral features. The velocity of the possible Si II feature modestly decreases to −11, 756 ± 525 km s −1 . Na I has a high v abs ≈ −12, 700 ± 395 km s −1 and for the Ca II triplet we find a lower limit of v abs ≈ −5, 196±229 km s −1 .
- 10 
Comparison with known objects
In Fig. 2 we compare SN 2019bkc with several other rapidly-declining SNe with good photometric and spectroscopic coverage. The left panels show the optical LCs of SN 2019bkc normalized to the peak brightness compared to the rapidly-evolving SN 2002bj (Poznanski et al. 2010 ), SN 2005ek (Drout et al. 2013 ), SN 2010X (Kasliwal et al. 2010 , and the fast transient KSN 2015K (Rest et al. 2018) found by Kepler. Also included are the LCs of the type Ic SN 2007gr (Valenti et al. 2008) and the 1991bg-like type Ia SN 1999by (Silverman et al. 2012) . SN 2019bkc declines faster than all of the SNe in the comparison sample. The decline between between peak and +10 d for SN 2019bkc is ∆m 10 (r) = 4.1 ± 0.1 mag, and for the previously known fastest-declining SNe it is ∆m 10 (R) = 1.1 ± 0.2 mag for SN 2002bj, ∆m 10 (R) = 1.85 ± 0.15 mag for SN 2005ek, ∆m 10 (r) = 1.3 ± 0.2 mag for SN 2010X, and ∆m 10 (Kepmag) = 2.1 ± 0.03 mag for KSN 2015K.
The right panel of Fig. 2 shows the absolute r/Rband magnitude evolution. SN 2005ek, SN 2010X and SN 2019bkc are the most similar, with peak absolute magnitudes ≈ −17 mag. The remainder of the comparison sample exhibits significant luminosity and/or luminosity evolution differences compared to SN 2019bkc at nearly all phases. In particular, SN 2002bj and We have therefore chosen these three objects to show in in Fig. 3 . SN 2019bkc 's line profiles are less pronounced than the comparison objects, especially post-peak Ca II, and it shows no clear signature of O I λ7773. Given the spectral resemblance of these three rapidly-declining transients to SN 2007gr, they technically fall within the SN Ic sub-class.
There are significant differences in the absorption velocities between these SNe, which are reflected in the shifts adopted in Fig. 3 . Most of the spectral features indicate that SN 2010X has the highest v abs at −12, 000 km s −1 for most lines near peak. In comparison, SN 2005ek has Fe II and Si II v abs ∼ −7, 500 km s 
Interpretations
Next we discuss the possible energy sources and progenitor scenarios for SN 2019bkc.
The rapid LC evolution implies a low ejecta mass. For photon diffusion out of an expanding spherical ejecta with velocity v = 10 4 v 4 km s −1 , the optical depth is of the order τ ∼ c/v when the diffusion time t diff = 4t d4 d equals to the time since explosion. The ejecta mass is ap-
0.3 , where R = vt diff and κ = 0.3κ 0.3 cm 2 /g is the ejecta opacity. If the radiated energy is entirely from shock deposition (see, e.g. Waxman & Katz 2017) , E rad ∼ M v 2 R * /(2vt diff ) ∼ Lt diff and thus the progenitor radius R * ∼ 5 × 10 12 cm, implying a massive star progenitor.
The remote location of SN 2019bkc implies an isolated progenitor (or in an un-detected globular cluster) in the outer galaxy halo or intracluster light, and it is thus probably associated with an old stellar population. The absence of a star-forming host galaxy down to M g −10.4 and the non-detection of Hα ( 10 37 erg s
at z = 0.021) in our spectra make a massive star progenitor relatively unfavorable. However, we cannot completely rule out the possibilities of an extremely-lowluminosity dwarf-galaxy host, an isolated star forming region forming stars at 10 −5 M yr −1 or a hypervelocity runway massive star from a nearby member of the MKW1 cluster (see Appendix C).
Next we consider whether the LCs can be solely 56 Nipowered. We apply the integral relation of Katz et al. (2013) to the pseudo-bolometric LCs with low-order polynomial extrapolation to the explosion time (t exp ). Significant γ-ray escape from low-density ejecta can produce a fast decline, and we freely vary the γ-ray escape timescale t 0 (see Stritzinger et al. 2006 , and references therein). We considered a broad range for t exp , but find no satisfactory match with data. Therefore, energy deposition is unlikely to be dominated by 56 Ni decay. Next we compare the pseudo-bolometric LCs of SN 2019bkc with the synthetic LCs predicted by various models. In the .Ia scenario, a WD detonates from an accreted He layer (Bildsten et al. 2007 ), resulting in the production of 0.02 M of short-lived isotopes (e.g., 48 Cr, 52 Fe, 56 Ni) and the ejection of ∼ 0.2-0.4 M of material are shifted by −3,000 km s −1 , +1000 km s −1 , and +2,000 km s −1 , respectively, while their post-peak spectra are shifted by +4,500 km s −1 , +5,000 km s −1 and +8,000 km s −1 .
(including 56 Ni) is ejected and the majority remains bound to a compact remnant. Kleiser & Kasen (2014) proposed explosion of ∼ 2-4 M He-stars with an extended envelope ( 25 R ) with no 56 Ni ejected to explain SN 2010X-like SNe, and the LC is powered by thermal energy deposited within the ejecta by the explosion shock wave following the core bounce (Dessart et al. 2011; Kleiser et al. 2018 ). Another possibility is electron capture SNe (ECSNe) of ≈ 8 M AGB stars (e.g., Pumo et al. 2009; Moriya & Eldridge 2016) .
The pseudo-bolometric LC of SN 2019bkc (including an estimate for> 15 d using the i-band-only data shown as open circles) is compared to these models in Fig. 4 , and Appendix D gives the specific model parameters. Clearly none of the model LCs are able to reproduce the entire luminosity evolution of SN 2019bkc. 56 Ni-free stripped ccSNe with circumstellar shells ) and various ECSNe (Moriya & Eldridge 2016) . See Appendix D for model parameters.
• SN 2019bkc is the most rapidly-declining SN I ever reported, and its unique LC evolution challenges all existing theoretical models for rapidly-declining transients.
• The spectra of SN 2019bkc lack H and He features and have some unprecedented characteristics. Some similarities are found with spectra of SN 2005ek and SN 2010X, which have comparable peak luminosities but slower post-peak decline rates. SN 2019bkc does not resemble the rapidly-declining SN 2002bj, which reached ∼1.5 mag more luminous peak, contained He-lines in its spectrum, and had near-peak absorption line velocities a factor of two smaller than SN 2005ek, SN 2010X and SN 2019bkc.
• SN 2019bkc is "hostless" with no apparent host down to ∼ −10.4 mag and likely exploded in an intracluster environment. This suggests a link with an older stellar population and disfavors massive star progenitors. SN 2019bkc suggests being cautious about assuming that fast declining "hostless" transients are Galactic, cataclysmic variable outbursts as is common in traditional SN classification programs. The majority of our optical images of SN 2019bkc were obtained with the LCOGT 1-m telescopes at Siding Spring Observatory (SSO), South African Astronomical Observatory (SAAO) and Cerro Tololo Interamerican Observatory (CTIO). Optical images were also taken with 1.3-m SMARTS +ANDICAM (A Novel Dual Imaging CAMera) at CTIO, the 2-m LT, and the 6.5-m Magellan telescopes. J-band data were obtained with SMARTS along with a single epoch of JH-band images from the Wide Field CAMera (WFCAM) on UKIRT. Most optical and NIR science images were reduced following standard procedures including bias/dark-frame and flat-field corrections, sky-subtraction, and the combination of multiple, dithered exposures. On the night of 2019 Apr 13 UT, using the Parallel Imager for Southern Cosmological Observations (PISCO) (Stalder et al. 2014) , we acquired ten 120s simultaneous {g, r, i, z} exposures of 2019bkc on the 6.5 − m Magellan/Clay telescope. We reduced these data using the standard PISCO Rapid Analysis Toolkit (Brownsberger19, in prep), and we briefly summarize this reduction procedure here. PISCO consists of four CCDs (one per band), and each CCD has two amplifiers. We apply an overscan correction to every amplifier for every image by subtracting from each amplifier a linear fit to the overscan pixels acquired as part of every readout. We median combine a stack of the eighteen overscan-corrected bias exposures acquired that night, and subtract the resulting 'master bias' from the flat and science images. We acquired forty-nine twilight flat images during our observations. However, not every flat can be used in the correction of every single-band CCD. We arrange the twilight flat image into four stacks, one for each band. A particular flat field is added to the stack for a particular band if and only if it has a characteristic surface brightness of between 5k and 15k ADU in that band, averaged between the two amplifiers. One flat can be placed into zero, one, or multiple single-band stacks. We normalize each overscan and bias corrected flat so that its median value is unity for the appropriate CCD, and then median combine each stack of normalized flats. We thus acquire a separate 'maser flat' field for each of the four PISCO filters. We overscan and bias correct each of the ten PISCO observations of 2019bkc, and separate each exposure into four single-band science images. We divide each of these forty single-band images by the appropriate master-flat. We use the plate-solution algorithm provided astrometry.net (Lang et al. 2010) to determine the World Coordinate System (WCS) solution for each image. We use this WCS solution and the SWarp coaddition software (Bertin et al. 2002) to produce our final PISCO {g, r, i, z} images of 2019bkc.
Point-spread-function (PSF) photometry was computed with the DoPHOT (Schechter et al. 1993 ) package for all images except for the PISCO images, for which we performed aperture photometry. The optical band (Johnson B, V and Sloan r, i) photometry was calibrated relative to APASS photometry of stars in the field of the transient, while the NIR photometry was calibrated relative to 2MASS stars (Skrutskie et al. 2006 ). Template subtraction is not required to obtain a reasonable measure of the SN's flux as there is no detectable host.
The optical spectral energy distribution (SEDs) shown in Fig. 6 were modelled as black-bodies (solid lines), in order to estimate (see bottom panel) the effective temperature (T BB ), and radius (R BB ) as a function of time. The R BB evolution shows an initial increase from ∼ 0.8 × 10
15 cm up to ∼ 1.4 × 10 15 cm until +5 d, followed by a modest decline over the next several days, consistent with the typical radius evolution for the homologously expanding ejecta of a SN (see, e.g., Liu et al. 2018 ) rather than some other type of transients such as a Tidal Disruption Event. Following an initial increase as the transient reaches peak brightness, both the luminosity and temperature subsequently decline as the ejecta expand and cool.
B. SPECTROSCOPIC OBSERVATION
The spectroscopic data were reduced and calibrated following standard procedures using IRAF. Each science spectrum was calibrated using a spectrophotometric standard observations. Finally, each spectrum was color-matched to the broad-band colors of SN 2019bkc. Fig. 1 ) reveals no detectable sources at the position of SN 2019bkc. It is projected onto, and likely associated with, the poor cluster MKW1 (Morgan et al. 1975 ) (shown in the left panel of Fig. 1 ), which has a velocity dispersion of 367 Fig. 1 ). It is about 34 kpc from the closest known cluster-member galaxy (z = 0.019). SN 2019bkc is therefore likely located in the outer halo or is an intra-cluster source, where no recent star formation activity is expected to have occurred.
The 5σ g-band detection limit for the DECaL (Dey et al. 2019 ) is g ≈ 24.3 mag, corresponding to M g −10.4 1 . At the distance of MKW1, 1. 5 = 820 pc, which means that a typical low-luminosity dwarf galaxy will have a size comparable to the seeing scale. From the Local Group dwarf galaxy compilation of McConnachie (2012), we find that nearly every gas-rich (i.e., star-forming) Local Group dwarf would be brighter than this limit only with KKR 3 (M V = −9.5 mag) and Leo T (M V = −8 mag) as exceptions. This absolute magnitude limit cannot rule out all but the most luminous globular clusters (GCs).
There is the possibility that SN 2019bkc resides in an isolated star forming region. H II regions in galactic outskirts are rare, but have been found associated with tidal H I features in the outskirts of gas-rich galaxies (Ryan-Weber et al. 2004) . Although MKW1 does not appear to be a gas-rich environment, we can constrain the possibility of SN 2019bkc being in an isolated star-forming region. None of our spectra show discernible Hα emission at the location of the SN, with an upper limit on the line flux of ∼ 10 −17 erg s −1 cm −2 from the NOT/ALFOSC spectrum taken at +10 d. At the assumed distance of the SN, this translates into a maximum Hα luminosity of ∼ 10 37 erg s −1 , or a star formation rate of less than 10 −5 M yr −1 . This is comparable to the luminosity of the Orion Nebula, whose ionizing flux is dominated by a single O star (Pellegrini et al. 2012) . Although almost all ccSNe are associated with star forming regions, there are some notable exceptions such as SN 2010jp (Smith et al. 2012 ). This peculiar SN II was 33 kpc from its host center, and there is no detection of source in the pre-explosion image to a limiting absolute magnitude of ∼ −12.
A runaway star is a possible origin for a remote, massive star. However, given the ∼ 30 Myr lifetime of a ∼ 10 M star, it would require a velocity 1000 km/s to travel the projected distance of 30 kpc to the closest member galaxy. Such a velocity is comparable to that of the fastest known hypervelocity star (e.g., Brown et al. 2015) , which makes it an unlikely scenario.
